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SUMMARY 


Applications of the vortex have beer. used in engineer- 
ing for many years. Since the recent publication of 
Rudolph Hilsch's work in Germany? it 1s widely known that 
there is a transfer of energy from the center to the out- 
side of a vortex in an actual gas. However, there is no 
theory which satisfactorily explains this transfer of 
energy in a vortex, 

In this investigation, an effort was made to determine 
the characteristics of a v rtex in an actual gas, the 
vortex being formed inside a pipe by the introduction of 
air tangent to the inside wall of the pipe. 

It was found that the equilibrium condition for a 
vortex in an actual gas is a state in which there 1s no 
heat transfer and in which there are no viscous forces 
acting. These conditions call for the static temperature 
and Stays being constant and for the total temperature, 
static pressure, and tctal pressure increasing with 
increasing radius. 

The investigation was conducted by the author in the 


Mechanical Engineering Department, Rensselaer Polytechnic 


Institute, Troy, New York 


SYMBOLS 


Subscript (R) refers to quantities at the outer radius of 


the vortex, 


Subscript (c) refers to quantities at the center of the 


hy 
I 


VOrLCx. 


= force, 


acceleration of gravity in ft. pe®* sec. per sec, 
thermal conductivity in Btu per hr, per square ft. 
per degree per ft. 

Mach number. 

Mach number as computed using the uncorrected static 


pressure reading. 


- total pressure, 


static pressure as obtained from probe before correct- 
ing for instrument error, 
static pressure, 


pressure before metering nozzle. 


= pressure after metering nozzle = saupply pressure to 


vortex. 

static pressure in center of vortex at closed end of 
pipe. 

static pressure at a radius of 4 inch at closed end of 


pipe. 


= static pressure at a radius of 5/8 inch at closed end 


of pipe. 


SYMBOLS Ccont'd) 
static pressure on pipe wall at a distance of 7/16 
inch from closed end of pipe. 
heat transferred in Btu per hr. 
radius in inches, 
maximum radius in inches. 
specific gas constant for air. 
total temperature as obtained from thermocouple before 
correcting for instrument error, 
total temperature. 
static temperature. 
velocity in ft. per sec. 
weight flow in lbs. air per sec. 
distance from closed end of pipe in inches. 


VRe as computed using the pressure ratio in the vortex, 
CERT 


a TEVRS as computed using the total temperature ratio 


ceRT 
in the vortex, 


adtabatic gas constant. In this report, (Y= 1.395) 


- was used, 


density, slugs per cu. ft. 
coefficient of viseosity in slugs per sec. per sq. ft. 
per /£u, 


angular velocity in radians per sec. 


VORTEX FLOW IN AN ACTUAL GAS 
INTRODUCTION 


The classical free vortex derived from potential flow 
theory is based upon reversibility and constant total 
energy, neglecting the heat transfer, viscosity, and 
diffusion which are present in an actual gas. Writing an 
equation for the summation of radial forces in a vortex, 
and solving this ecuation in accordance with the above 
assumptions leads to the result that vr = constant. This 
requires that the velocity become infinite and the absolute 
pressure become zero at the center of the vortex where the 
radius is zero. These results are, of course, physically 
impossible. Also, it is known that the assumption of 
constant tctal energy is not true, since large total 
temperature gradients have been observed from the center 
to the periphery of a vortex. 

The purpose of this investigation was to determine 
the characteristics of vortex flow in an actual gas. 

Rudolph Hilsch, a German low-temperature physicist, 
used a vortex to obtain low temperatures, drawing off cold 
air from the center of the vortex. High total tempera~ 
tures were observed at the outer radius. Hilsch gave 


credit to an unidentified Frenchman for the discovery of 


woe 


this phenomenon, Also in Germany, the vortex has been 
successfully used as a dust separator.“ There are other 
applications of the vortex in engineering, for example, 
centrifuge. o71 purifiers, anda centrifugal compressor 
cesign, So for as is known, however, there has been no 
~Aeory evc.ved, supported by experimental data, which 

‘ ...l explain the phanomena occuring in a vortex. 

The U.S. Navy 2nd the U.S. Air Forces have conducter 
flights through tropical cyclones for the purpose of 
collecting data. The author has been unable to obtain 
copies of this data or any information concerning any 
theory which may have been developed from the data so 
obtained, 

C.J. Ricketts and J.L. Genta® investigated the 
vortex about a year ago. Unfortunately, due to instru- 
mentation difficulties, Ricketts and Genta were unable to 
obtain sufficient data to build up a theory. 

Textbooks on fluid mechanics and aerodynamics present 
the vortex as being a free vortex with a thin, solid, 
cylindrical core rotating with constant angular velocity. 
In this way, the physically impossible situation of the 
velocity becoming infinite in the center is avoided. 
However, no account is taken of the decrease in total 
energy which actually occurs from the periphery to the 


center of such a vortex, 


Professor Neil P, Bailey, head of the Department 
of Mechanical Engineering, Rensselaer Polytechnic Insti- 
tute, Troy, New York, and members of his staff, have 
proposed a theory that a vortex in an actual gas comes to 
a state of cquilibrium in which there is no heat transfer 
and in which there are no viscous forces acting. Such a 
‘~eory accounts for the total temperature gradient in a 
vortex, however this theory has not yet been checked with 
actual date. 

This report is concerned with the case of a vortex 
in an actual gas in a cylindrical container, the vortex 
being induced by the injection of air tangent to the wall 
of thescontainer,  Thevinvestigation: waseconducted in the 
lechanical Engineering Department, Rensselaer Polytechnic 
Institute, Troy, New York, during the period February-May 
1948, 

The author wishes to acknowledge the invaluable 
guidance and advice of Professor Neil P. Bailey. Thanks 
also are due to members of Professor Bailey's staff for 


helpful advice and the services of the machine shop. 


we 


BOUIPMENT AND PROCEDURE 


To obtain a vortex, a vortex valve designed by 
Professor Neil P, Bailey was used. (See Fig. 2). On one 
and of this valve is a series o2 vanes spaced around the 
periphery, these vanes being adjustable so that the angle 
at, Which the flow enters the pipe may be varied. For vhis 
=nvestigation, the vanes were set at an angle of ten 
degrees with the tangent to the inside pipe wall. The end 
of the valve which has the vanes is inserted into the 
plenum chamber, thus the flow enters through the vanes 
and is discharged out the two inch diameter copper pipe. 

To obtain the static pressures in the center of the 
vortex along the pipe axis, a probe was traversed along 
the pipe axis; the probe being entered from the open end 
of the pipe. This probe was a stainless steel tube, 0,101 
inch outside diameter, with a hole in the side 7/16 inch 
from the end. 

The center traverse for total temperature was made 
with an iron-constantan thermocouple. The thermocouple 
wires were led through insulators, which, in turn, were 
led through a length of 4 inch outside diameter copper 
tubing; thus making a stiff probe which could be traversed 
along the pipe exis. 

To obtain measurements at any radius away from the 


center of the vortex, it was not practicable to use probes 


See 


traversed along the pipe as was done for the center 
traverses. The forces which existed in the vortex away 
from the center were sufficient to break these long 

slender probes. If the probes were made strong enough to 
vesist breakage, they would still be bent or deflected so 
tnat 1t was imposs: ble to position the probe at any desired 
dunt. The vibration vas so violent as to make accurate 
readings impossible. Also, as soon as the probe was 

movec away from the center of the vortex, the flow was 
altered as indicated by a distinct change in sound. 

These conditions made it necessary to obtain data by 
traversing probes alfone the radius. In this menner, a 
much shorter and much smaller probe could be used. Such 
a probe would be rigid, could be accurately positioned, 
and being very small would not disturb the flow as much 
as the probes which were inserted axially. 

Before designing the probes, it was necessary to 
know a little about the character of the flow. It was 
known that there was a velocity component parallel to the 
pipe axis, but it was not known whether or not there was 
a radial component of velocity. To try to determine this, 
an open end impact tube with a right angle bend at the end 
was used. The probe was carefully positioned so that the 
open end was at the pipe axis, then the probe was travers- 


ed horizontally along the radius. At various points along 


the radius, the probe was rotated snd its position noted 
when the rercding “as a maximum. As nearly as could be 
determined by eye, the bet enc o- the probe was vertical 
ab Ure DOlrG cl Maximum Treading, Crus I1neaceving Usaveune 
te Was. 1m Conceniric Circles, tere: Deine M0274. 
component. This was done for various cupply pressures 
1.9 to twenty inches of mercury gage. Above tris supply 
preesure, no check could be nace because the probe 

was bent by the forces in the vortex. 

‘ithough the ebove check was admittedly approximate, 
the probes to be usec were designed assuming thet there 
Wo NO Tarrat component or flow, Tee axied <componenteon 
flow would not af°’ect the accuracy of the reedinzs from 
the type of probes ‘‘hich were in mind. Investigation Wes 
limited to a supply pressure of about twenty inches of 
mercury gage, inasmuch as the possibility of radial flow 
vas not investigated at higher supply pressures. 

Total nressure, static pressure, and total tempera- 
Lure were desiren alone the radius; and probes were mace 
to obtain these quantities. All three probes were made 
of stainless steel tubing. The outside diameter was 
O,048 inches, and the inside diameter was 0,029 inches. 
The probec Were il spruroximavely threes inenes lene. 


For the total pressure tube, one end of the steel 


Eve 


tube was closed and a 0.0135 inch diameter hole was 
drilled in the tube wall 0.10 inch from the closed end. 
A 3/8 inch diameter brass hose fitting was soldered on 
the other enc. This probe was tested against an open 
end impact tube and gave the same reading. The total 
DLessure was obtaired by rotating the probe for the 
moximum reading. 

For static pressure, a Ser's @isk* was used. A 
small brass circular disk was soldered on the end of the 
stainless steel probe, the plane of the disk being per- 
pendicular to the axis of the probe. This disk was 0,2 
amen ingdeamever “and O.@2 imeh ghaek, The hole in the 
disk was the same as the outside diameter of the steel 
tube, so the end of the tube was brought out flush with 
the bottom of the disk, The bottom of the d@itsk was flat, 
and the top side was beveled to produce a sharp edge. A 
3/8 inch diameter brass hose fitting was solfcered on the 
other end, This probe was tested in straight flow, using 
an ordinary static pressure traverse tube with a hole in 
the side as the standard. The Ser's disk was found to give 
low readings, therefore it was compared with the static 
pressure traverse tube at various Mach numbers anda 
correction curve was made up. (See Curve No. 1). Mach 
number was determined from total and static pressure. 


Although the Ser's disk was tested in straight flow, 


Sox 


it was used in circular flow. This gives the possibility 
of some component of velocity pressure being measured que 
to the fact that the flow is curved and is not exactly 
parallel to the Ser's disk. This might cause the static 
pressure readirg to be slightly high and tend to cancel 
out the low reading which it gave in straight flow. 
Therefore, the value of Curve No, 1 is questionable. How- 
ever, all data presente in this report were reduced using 
the corrections from Curve No. 1. Some of the data were 
reduced using the corrections of Curve No, 1 and again 
without this correction, and the conclusions to be drawn 
from the data were not affected, Obtaining static pressures 
presented the greatest problem, and no doubt the static 
pressures obtained can be improved upon. It is believed, 
Though. that: the elrect ol “the. tilow cuyvature 15 1o. 
sufficient to affect the validity of the conclusions re- 
garding the character of the flow. 

It may be noted that the smaller the disk, the smaller 
would be the effect of the velocity component in a curved 
flow, However, smaller disks were tried, and they gave 
such large errors in straight flow that they were discard- 
ed. 

The thermocouple was made of 30 gage iron and con- 
stantan wire. The wires were led through the 0.048 inch 


diameter steel tube and brought out through a hole in the 


Eskom 


side of the tube approximately 0.1 inch from the end, this 
end of the tube being closed. The thermocouple junction 
was placed about even with the outside of the steel tube, 
thereby forming a good impact area. ‘Vhen tested, this 
thermocouple gave readings slightly lower than total tem- 
perature, so a curve of error versus Mach number was made 
up. (See Curve No, 2). The thermocouple was tested by 
placing it in a nozzle attached to the plenum chamber. It 
was assumed that there was constant total energy from the 
plenum chamber through the nozzle, and the reading of a 
testing thermometer in the plenum chamber was taken as 
standard. Mach number was determined from total and 
static pressure, 

All three of the probes discussed above, which were 
used for measurements along the radius, were led through 
brass plugs. These plugs had a packing gland and packing 
nut on one end and were threaded on the other end. At 
points along the pipe where it was desired to obtain 
measurements, a small square brass pad was soldered to the 
nipe to increase the thickness. The pad and pipe were 
then drilled and tapped to receive the plug with the probe. 
Dividers and a scale were used to position the probes 
along the radius. 

For temperature measurement, a Leeds and Northrup 


potentiometer indicator No, 8657-C was used, with the cold 


mere 


junction at room temperature. 
All pressures were measured with mercury manometers, 
Air was supplied by a Schramm eir compressor, Model 
clO, rated at 206 cu. ft. of free air per min. at 1175 
Veja: 
The air compressor was driven by a Westinghouse 
three nhase, 60 cycle, 220-440 volt, 50 horsepower 
induction motor with a rated full load speed of 1175 r.p.m. 
A schematic drawing of the set-up is shown in 
Figure l. The plenum chamber was supported on a lathe 
bed, 
The vortex valve was originally six inches from the 
closed end to the open end, This six inch length was 
used to obtain the center traverses for static pressure 
and total temperature shown on Curves No, 3 and 4 A 
back flow of air from the room down the center of the 
pipe existed due to the low pressure in the center of the 
vortex. On the basis of Curves No. 3 and 4, it was thought 
that a radial traverse could be mede at X = 2.5 inches 
and be free from this back-flow,.. Accordingly, the: pipe 
was instrumented and traverses were made at X = 2,.o inches. 
However, a back flow down the center was still present, 
as indicated by the direction in which the total pressure 
tube pointed for maximum reading. This direction was 


indicated by a scribe mark on the hose fitti:.g in the 


-ll- 


same plane as the impact hole. To try to get away from 
this back flow, the vortex velve was increased in length 
from six inches to two feet, and holes for traversing 

were provided at: X = Imad inches; X= 2.5 inches; X.#,3.8 
inches; X7=6.1 "ches: X = 1491 inehess and X = 20.1 
inches. Plugs were provided to seal off the holes not in 
use, ‘When traverses were again made, a small back flow 
was still indicated from X = 8.1 inches to X = 24 inches. 
Next, a 1 3/4 inch diameter disk was used to plug out the 
back flow, This disk was moved axially until it appeared 
Chat ali back flow had ceased, This position for the disk 
was about 1/8 inch outside the pipe. If placed farther 
outside, room air leaked around the edge of the disk and 
entered the pipe. If placed inside the pipe, the arnular 
passage between the disk and pipe wall was not large 
enough to let all the flow pass, resulting in some of the 
flow going to the center of the pipe at the disk and flow- 
ing back up the pipe. The data thus obtained with the 
back flow cut out was of the same character as the data 
obtained with a small back flow present. 

All tables and curves presented in this report are 
from data taken in the two foot long pipe without cutting 
out back flow, except that Curves No. 3 and 4 and Table 
No. X are from data taken in the six inch long pipe, also 


without cutting out the back flow. 


soe 


Preliminary investigation showed considerable agree- 
ment with the theory proposed by Professor Neil P. Bailey. 
(This theory was discussed briefly in the introduction to 
this report). Therefore, the general procedure in this 
investigation was as follows: 

(a) To obtain reliable data in a vortex. 

(bo) To compare this data with Professor Bailey's 
theory in an effort to prove or disprove 
thas theory. 

(c) If the theory in (b) is disproved, develop 


a theory based on the data obtained. 


eee 


THEORY 
Since the procedure in this investigation was to 
prove or disprove the theory proposed by Professor Neil 
P, Balley, and if the theory was disproved, to develop 
a theory based 2:: the data; the theory will be presented 
at this point so that it may be freely referred to in the 
discussion of the results. 
As mentioned in the introduction to this report, the 
theory is based upon the assumption that at equilibrium: 
(a) there is no heat transfer. 
(b) there areé™no viscous forces acting. 


From assumption (a), we may write: 


Ce AMR PEO) erase: < s olleiw: 9 srerere. ose ev'sewcena.oue'g GL) 
ar 
This requires that: 
cl» 0) 00. eee Be G2) 
ay 


And integrating eq. (2) gives: 

eS CTC ee oe ene ee 2 ec, 
Since the flow is curvilinear, it is the angular velocity 
ai of which adjacent layers are conscious and 


Ging 
not the linear velocity gradient, (42). From assumption 


gradient, ( 


(b) we may write: 


eswycitr dw = 0 ey Ae, ee ce 
aT 


Fyiscous 


This requires that: 


dtl = OQ ee rd oP) 


Gir 


And integrating ec. 


(«> = const, oeee 
Hence, sinceuw!= sm 
4 
Vv =- const, 
x 
Or V-=S5COnSsL:. Fs Tr 


At equilibrium, the 


Be 


(3) gives: 


@e«#6mmemtmUmUcO@mUmUOOmUU UCU 


@eeeeee#e3so«+weeeeeee#e#@¢ @#@6&@m6UcMhmUmUhOmUhUhUlhUM 


Pe es 2) 


eee@ee¢e34rr+reee¢#¢¢¢e¢¢ ¢ ¢ 


pressure gradient must balance the 


Cenurigugal Forces. .0r - 
gP = yo ar @#e7o#oedge e @©¢ 6 e@e@e0oee8¢&—UcehmUchHMhUhUchhUMHMhUhHhUM HhUhH]MhhF sy) 
ie 
Substituting “ Pp from the gas equation: 
one 
aP = ve oe: ar ae ee ener ea errr 
i ele. 
Rearranging: 
Baa = ve eee ane e © e o@¢e e Pea ee LO) 
Pp Pee 
Multiplying and dividing by (r), eq. (JO) may be written: 
GaP > ve al ¥ Or « ee¢e rere rere Gill 
P we gRIT 


From eq. (7), v_ = 
e 


eGnst.; andeirom eq. 


(2), T= connate; 


therefore eq. (11) may be written: 


2 


a a fr Ae Si SRRSE sane) 
} I e. oRIT | 
Since v = const. = _YR_ : 

x iy 

fap = {YR) - oa (r Che mT Coo od Ge) 

} ea BRT 
Integrating ec. (13) from the center of the vortex to anv 
radius: . 

Ap ; 

gP= 8) r ar Pr es 
tre P ¢ Arg * 


lee 


a 
Or: In are dil, | eee I ke Per eke ee) 
Rearranging: 
' ss C a 
in ¢P j- SR xh e@esvcesne 6 e @aeaecue e eel LG ) 
oP. orR'T Ri 
Lee ting: 
ee 
Re - >a a) é) (Sere e. « 6 6 <6 seeders ve 6 Meters: cee aes cel? D 
2gR'T 
And substituting, this into eq. (16) and taking the anti-log: 
Ci 
P.. = 4 ‘h(a Sere eee ee re oe ee bese 
P. € 


Equation (18) describes the manner in which the static 
pressure increases from the center of the vortex to the 
maximum radius of the vortex. Integrating ea. (13) from 


the center of the vortex to the maximum radius of the 


VORtex: ie 12 R 
Je i a aren Gl) 
Pp \R ERT A 


cC 
Integrating and rearranging gives: 


: 2 
In n\z VRO_ A Ys ne orien OC) ) 
cy) 2gR'T 
Using eq. (17) in eq. (20) gives: 
a= Te} re ee i ot et 21) 
(Pp 
C 
Ecuation (21) provides a means for evaluating the constant 


(fd) if the pressures at the center and outer radius of 


the vortex are known, Equation (21) may also be written: 


P - ef PS ee 


ae0e@ea* Ceo eo eee oeemUhemUhMhUc CU HU HO HU HUM OCU HMhUh]HMhUM Hh UO 


Rice 


Integrating ea. (12) from the center of the vortex to the 


outer radius, we obtain: 


} 7a 
In ER) = (x RR a alts Gaia cas dank cas GR eee 
(P_ ep eee 
Solving for ne 
vo 
x)" pe <2 ee £55 | ss Aieease'o v aiesar atc eget eee 
(p> Re Pas 


Combining equations (£1) and (24): 


os cr 
(%) cf — eee ee ae gocasstice (oa alee ae 


From "The Thermodynamics of Air at High Velocities" by 
Netter. Bailey? (hereafter referred to simply as H.V.T.), 
the following relationship between static temperature, 


total temperature, and Mach number is obtained: 


To = 14 sy -1 Me eeeoeoocesvewreeeere eevee e eee e eee ee (26) 
a ? 
Pol SOe toeria. Le. 
Me = veo ee a ey Oe Teer eo) 
yER'IT 
Combining equations (26) and (27): 
ak). a ae ae On nee) 
i Z den T 
Lultiplying and dividing by (r“) in the last tern: 
Pe 
are _ 1+¢a-1 mF ee rere ry 5010) 
i CS y ER'T 
Sutrtituting ec. (25) Por(y | 2 and simplifying: 
is ay 
T, = 1 pwel jz) a WOM. a SRE ee eee 
Ab o KR i 


=e 


From eq. (7a), the velocity is zero at the center of the 
vortex, therefore static temperature and total temperature 
are the same at the center of the vortex. From eq. (3), 
the static temperature is a constant, therefore the total 
temperature ai. tne center of the vortex may be substituted 
for the static temperature at any radius, and eq. (30) 

may be written: 


To = lwaysl (2) teres eee eereeeraces oo) 


ah 

Gn x 
Eqnation (31) describes the manner in which the total 
temperature increases from the center .of the vortex to the 
outer radius. 


oe conditions at the maximum radius in ec. (28): 





"ete 1¢y-1 YR Gee ee Vee. 
eS corn? 
Combining equations (17) and (32); and substituting ae 
To 
=| -1¢in0 «a PW... eee... (33) 
oe v 
Solvang fom ( aa , 
| ae 
os » f R as ae eoeree ees oe Ot) 
xy-1 on 
~ O¢ 


Heviation (34) provides a meams of evalwating the cors tant 
(ec) if the total temperature is known at the center and 
the maximum radius of the vortex. 

Prom Hev.i., the relationship between static pressure, 


total pressure, end Tach number 1S; 


por i= exer We yFHt A Oe Se oreD) 
Pp a 


ae 


Combining equations (26) and (35): 
x 


Races a) gai A 
= \ el re Bas avape etn Sokal aaedcioke Cee oa een CD 


a 
Combining ecuations (SO) and (36): 


P a 
“o = eas Be ¥-1 ee re rere ee co 
R/ 


Pp | yx 

From equation (18): 
re ee a 

Pe Pee BE) cenaes ee ere ee ree 
Combining equations (37) ema rCse 

P 4 (EI : 2 nee 

“o =e IR 1 4. y-1 (z)Pa| Pe laa sles sere) 

> NVR 


It has already been shown that the velocity at the center 
of the vortex is zero, Therefore, the static pressure and 
Covel eprecsouve are: Tme “same aU UNeVeCie! Ore Laee VoMucrs, 


and (Po,) may be substituted for P, in ecuation (39): 


at ra 
£ pao | 
2 = & uF €=1 i) ss De i) 


Equation (40) describes the manner in which the total 
pressure increases from the center of the vortex to the 
outer radius. From the equations developed above, it can 
be seen what the characteristics of the vortex are accord- 
ing to this new theory. From equation (3), the static 
temperature is constant. From ecuations (7) and (7a), 

(1) igs a constant, or the velocity is zero at the cente> 


and increases with increasing radius. From equation (18), 


= 1o= 


the static pressure is a minimum in the center and in- 
creases with increasing radius. From equation (31), the 
total energy is not constant, the total temperature being 
a minimum in *he center and increasing with increasing 
radius. And tisally, from ecuation (40), the total 
pressure is a minimum in the center and increases with 
increasing racius. 

HESULTS AND DISCUSSION 

The data taken in this investigation consists of 
static pressure, total pressure, and total temperature 
taken along the radius at various points along the pipe 
as the vortex develops and starts to dissipate, From 
these data, .ach number, velocity, static temperature, 
and (4) were computed. (B,) and (to ) were also com- 
puted from the data for various radif for comparison with 
the theoretical values as computed from eqhations (18) 
and (31) in the section on theory. 

Data taken at X = 2.5 inches in the two foot long 
pipe using approximately ten inches of mercury (gage) 
supply pressure, and cuantities derived from these data, 
are presented in Tables I and II and in Curves 5 and o-A., 
A comparison of static pressure ratio and total tempera- 
tiem ew OevtLy 1°>-Ocy iSeemescented in Table IIT and Cucves 
O-B and 5-C, 

Pata taken at XK = 8.1 gmehes in the two foot long pipe 


using approximately ten inches of mercury (gage) supply 
pressure, and quantities derived from these data are 
presented in Tahles IV and V and Curves 6 and G-A. A 
comparison ov st.atic pressure ratio and total temperature 
ratio with tn---y is presented in Table VI and Curves 

6-B and 6-C, 

Data tak ar. at X = 14,1 inches in the two foot long 
pipe using approximately ten inches of mercury (gage) 
supply pressure, and quantities derived from these data 
are presented in Tables VII and VIII and Curves 7 and 
7-A, A comparison of static pressure ratio and total 
temperature ratio with theory is presented in Table IX 
and Curves 7-B and 7-C. 

Data taken at X = 2.5 inches in the six inch long 
pipe using approximately ten inches of mercury (gage) 
supply pressure «<9 presented in Table X. 

Data taken at xX = 1,4 inches in the two foot long 
pipe using 21 inches of mercury (gage) supply pressure 
are presented in Table XI, 

In Ehis-investipa ion. © >-0, 9 inch Wes Takeawoce 
maximum radius of the vortex due to the difficulty of 
obtaining reliable readings on the pipe wall. 

In scOmpaTin? “i= eee ron (1) versus ‘r) on Curves 
S-A, O-A, and 7-4, 2.t will be noted that (1) 1S greater 


at the, Obes coc tian eeeehe: 4 mmer acd beets ores 


-cl- 


inches; while at X = 14,1 inches, (F)is greater at the 


inner radii than at the outer radii, The theory calls 


for (4) being “-nstant at equilibrium. Before the vor- 
tex is fuily ¢tevsloped and equilibrium attained, one might 
expect the.t <5) *2Uld be greater at the outer radii than 


at the inner -udii As a limiting case, one could take 
Che MOMemer al Wisc. tnewemmemctpply 1S timnmed on. Thewair 
in the pipe is at rest and (2) equals zero. As the air 
enters at high velocity at the outer periphery of the 
pipe, the ($) will be high at these outer radii; while at 
the inner radii, => Will still be zero. Ey viscous 
ACtCMORmeune InneriMass Of air will be publed around until 
equilibrium is reached, at which time there will be no 
viseous fonees aching, and (Z) will be constant, as was 
shown in the theorstical development, As the effect of 
fraetion at tie ~ivde wail begins to be felt, the flow at 
the outer radii wili commence to decrease in velocity, 
thus causing (=") to be less at the outer radii than at the 
inner radii. ‘/iscous forces wiil agein start to act dus 
to relative movion between adjacent layers, the velocity 
beirg reduced toward the center until the angular velocit: 
jicezeco,e ama tie vox iex will dissipate. 

At X = 8.1 iuzhes (Curve G-A) it is seen that (34) i: 
constant from the center out to r = 0.6 inches, and that 


from this point on out, (=) falls off gradually, apparently 


Poe 


due to friction effects. By the time the flow reaches 
X = 14,1 inches (Curve 7-A), the effect of friction is 
very noticeabie and (3) decrease sharply from the center 
to the outsia- ‘the vortex quite definitely dissipating. 
At X = 2.5 incnes (Curve 5-A), (=) increases sherply 
from the center to the outside, the vortex being not 
fully developed et this point. The slight drop in eG 
at the maximum radius is probab'ty due to friction. It 
would not be expected that the vortex would be found in 
equilibrium exactly in accordance with the theory, due 
to friction at the wall, which the development of the 
theory did not take into account. The curves of ce 
versus (r) are, then, quite in accord vith the theory. 

1G "iit be noted thal, in drawing curves Through tie 
experimental points, the point r = 0.1 has been neglected. 
The worst case is at X = 8.1 inches (Curve 6-A). To bring 
this point on to the curves requires a ratio of total 
pressure to static pressure of 1.004 instead of the ratio 
1,001 which was obtained. This error is well within the 
experimental error in reading which might be expected. . 
Also, @ small error in velocity becomes greatly magnified 
when aivided by 0.1 +o obtain (¥), It was, therefore, 
considered neces:< (.o neglect this point. (Sance jaar 
the instrumentation used, it was not possible to obtain 


the required degree of accuracy at such low Mach numbers. 


=20— 


The comparison of the static pressure ratio in the 
vortex with the static pressure ratio as determined by 
theory is showy on Curves 5-3, 6-B, and 7-B. If one 
again takes «ce ..woment at which the air is turned on, the 
ratio B) Wi. O28 unity across the vortex, or less than 
is called for Ly the theory. As the vortex develops, this 
ratio will vuzid up until the vortex is fully developed, 
and the pressure ratio as determined by test will agree 
with the pressure ratio as determined by theory. As 
friction affects are felt and the static pressure at the 
outside increeses as the Mach number decreases, this 
pressure ratio will become greater than that called for by 
theory. At X=2.5 inches (Curve 5-B), it is seen that the 
the ratio (B,) as determined by test is less then the 
theoretical value; at X = 8.1 inches (Curve 6-B), the 
agreement between test and theory is quite good; and at 
~ = 14.1 inches (Curve 7-B), the ratio by test is greater 
than theoretical. As with the curve of (=), tie picecure 
ratio ($,) as determined by test is in very good agreement 
with the theory. 

An examination of Curves 5-C, 6-C, and 7-C comparing 
the total temperatire ratio (2 ) in the vortex with the 
theoretical curves -nows that cane test is in close 
agreement with the theory at X = 2.5 inches. Beyond tha. 


point, heat is being transferred back to the center of 
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the vortex. A comparison of these results with the results for the 
pressure ratio would indicate that equilibrium in heat transfer is attain-~ 
ed before equilibrium in balance of forces is reached, 

Tt will be reme~>ered that the theory calls for the static tempera. 
ture being constan” »f once more, the limiting case is taken just at 
the moment at which tie air supply is turned on; the total temperature 
is constant, and tne ratic Ge) is unity, or less than theoretically 
called for, As air at high velocity enters at the outer radii, the static 
temperature at these outer radii will be less than at the center, and a 
transfer of heat from the center to the outside will occur. This process 
will continue until equilibrium is reached, at which time the total tem- 
perature gradient will be a maximum and the static temperature gradient 
will be zero. As friction effects are felt and the Mach number decreases 
at the outer radii, the static temperature at these outer radii will rise 
above the static temperature at the inner radii and heat will be trans- 
ferred back toward the center, causing the ratio (re) to become greater 
than the theoretical value, 

The curves of static temperature versus radius for the three values 
of (X) investigated are shown on Curves 5, 6, and 7. It can be seen 
that the static temperature is approximately constant, as called for by 
theory. The peculiar shape of the curve at K = 2.5 inches (Curve 5) 


is not readily explained, As has been mentioned previously, 


=a?5@ 


there was a Slight recirculation of room air down the 
center of the pipe, Since this room air is about 30 
degrees Pahrenssit cooler than the air eee to the 
vortex from the »2.enum chamber, it was thought possible 
Uneoe vie Cemyer lad been cooledvand thay wie Stamac 
temperature curve should have a negative slope at this 
point, indiceting that the transfer of heat to the 

outer radii was not yet complete. To check this point, 
data was taken at X = 2660 inches with the back flow cut 
out, as described in the section on "Hauipment and Pro- 
cedure", All other conditions were the same, for Curve 
No. 5. The resulting data was almost an exact duplica- 
tion of the data taken originally, therefore it was con- 
cluded that the back flow was not sufficient to have 

any noticeable effect on the vortex. An examination 

of the total temnperat:ire curves and total temperature 
ratio curves reveals the fact that actually the trans- 
fer Of heat is completec, or nearly comple ted, by the 
time the flow reaches X - ©.& inches. The maximum totel 
temperature gradien:t observed was at X = 2,5 inches 
(Curve 5), indicating that the transfer of heat had been 
eomple ted befor>o th, next point of investigation was 
moacecenareee= 5, . Weheass The comparison of ( ) bv 
test and by theory at 7. = 2.5 inches (Curve 5-C eee 


cates that the *-srnsfer of heat back to the center has 


~Pb@ 


already started at the outer radii, since the test points 
fall above the theoretical points at the outer radii. It 
will be remembered that the effect of friction was noted 
at the outer raiw.is at X = 2,5 inches on the velocity and 
(=) curves als;. All of this would lead one to expect 
the static tomrperature curve at. A = 2.5 inches to rise 
toward the cvter radii. The curve, if fact, doés this, 
but AG the cCxvrome ouLer radii, 1 “acai Lalis olrey Vinge 
may well be duc to heat transfer through the copper pipe, 
A Gemperature differential cxists across the pipe, and 
since the flow is circular, it has been in contact with 
the pipe a much greater distance than the axial distance 
of 2.5 inches. For the small weight flow involved, (0.066 
lbs. per see.), a small heat transfer would have a notice 
able effect on the tempcrature,. 

The results of this investigation, then, lend veny 
strong support to tne theory that a vortex in an actual 
gas comes to a state of equilibrium in hich there is no 
heat transfer and in whi2h thers are no viscous forces 
acting. 

In Pable X are presented data taken at X = 245 
inches in the siz inen long pipe with approximately ten 
inchos of merous “Saeco  snoply pressure. Upeneredicnas 
this data, it was 2ndszcatca that making the pipe Guorucr 


had the effect of sveeding up the development of the 


vortex and of producing slightly larger temperature and 
Pressure Bredients, “20 X= 2 ee eiches, slmmiune Sicrt pipe, 
the vortex was definitely dissipating. 

In Table X™ are presented data taken at X = 1.4 
inches in the iwo foot long pipe with ¢l inches of mer- 
cury (gage) svcpoly pressure. Reducing these data 
incicated thn* increasing the supply pressure increased 
the tempereture and pressure gradients and resulted in 
higher flow Mach numbers. 

It 1s of interest to notes on Curve 4, that a tem- 
perature of minus 16.6 degrees Fahrenheit was observed 
in the center of a vortex in the six inch long pipe, with 
a supply pressure of 60.4 inches of mercury (gage) and an 


air supply total temperature of 107 degrees Fahrenheit. 
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CONCLUSIONS AND RECOMMENDATIONS 


From the results of this investigation, it may be 
concluded that © fsortlex in an actual pas reaches 4 state 
Of equitibrium 7~- “hich there is: no heat transfer and in 
which there a7: ne viscous forces acting, As was shown 


in the sectic: om 'Theory", this means that the static 


- 


temperature anc <. 


are constant, and that the total 
temperature, static pressure, and total pressure increase 
with increasing radius. The above statements apply to a 
vortex which is induced by the injection of air at the 
outer radius. 

It 1S recommended that an investigation be made into 
the case where the air is introduced at the inner radius, 
as ina vaneless diffuser. The same vortex valve used 
for this invezttigat.cn could be modified to serve for 
the recommend2a investif#aticn, Air could be introduced 
through the copper pipe and discharged out through the 
vanes, just the reverse of the precess in this investiga- 
tion. If se contaimer were pLeced arcund tuc-vanes, vie 


equivalent of a vaneless diffuser would be obtained. 
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CALCULATIONS 


In order te iilustrate the manner in which the data 
Pe -eouceG. Us “a hor r= 0,0 aienes at xX = e,4ernenes 
“will be workec 31- here, 
‘s+ 29:90 = 1,04 
Ee eae tt 


Prom eve Tt. s 


Curve Now cin Ho... 7s a graphical solution of the above 


equauzon, Using iis ave and 30 = 4,04 6 Outer m: 
per 


iemne-Curve No. J:°6f chee rennet. the eros 4) the ctaiic 
& p ; 

pressure reading for M' - 0.238 is 0.26 per cent. Then 
Lhe§-true “stpriic "by eesselrSs 76% 


Ps pt ~ vet: = 28.62 in Hg, abs, 
a 


om 
loa aioneny 2b aos 
b 5 


FROMGCIawieNthe we Wi ea Fo ee ea oe eece 


Prem auoye NO. 20CS Bie Worse a FOr er Oke a amr cmc Gar. 
Oz tMe themmoroun ce C%pCeer 96° 05-02 pel Vent. Shenae 
Poe “COtaL “amo cretitne 1. 
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ri T ERT toy 
fe) = eae 
‘e) — paar pa - ne 
oa: 3 Pare ar 73 


ae Pe 


hrom Hiv ot: 


152 49Fea 9 
Ae e 
heOMy a Tabuwar so tt 1on ef thigwequation, ordi = 0.229: 
oul 
af 
Then the stati-~ temperature is: 
TS tous 2 dete 548° R. 





LO Ine Peowr 
Curve No. l in FE: 'r. is a curve of Mach number versus 


the function u . This curve was used to determine 


Wea" 





the velocii- 
%°263.3 fty/sec, 


ci 
‘ 
i 


v - 263,3 - 526 ft./in.sec. 
rf sie) 
r-2 0.9 = 0.5555 
R Oe 
From the test “sie. 
“Fo 2 30,42 - 1.0849 
oe oO, O4: 
Prom ecqumecn (al) 0f Giga sresort: 


we 1 (5B) ein 21,0849 = 0,0815 
p P. 


From 
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From 


From 


From 


From 


equation (18) of this report:o 
ap 


P_ (theory) -e | = 1.0255 
P 


c 
the test data: 





P_ (test) = 28.82 = 1,0278 
P 2804 


the teet ~ata: 


T 
2 2 5 ee, 10887 
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equation (34) cf this report: 








} us 
Ge =e ae = 1| = .1366 
3 = st 
LO, 3 
equation) (31) “ores repore: 
is (theory) = 14 an nr me = 


the west, dita: 


Fa (test) = Ssae@ = 3022 
“Sa2.5 
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TABLE I 


DATA OBTAINED AT X = 2,5 INCHES 


\@ 


0.48 
Bee, 
1,86 
0.41 
~0.47 
-0.88 
“1,17 
“1,32 
=~ 1,44 
~1.49 


a 125 in: He. 


m* —9.0/7 in. Hg. Gage 


ols, 


Ponte, Pe 
Gage _ABs, Gage _ 


39,23 
33,54 
eda oak 
S00 
Comes 
Comet 
28.08 
266.43 
eis oul 
HAAS) 


= =1.O7 2, 


Oee3 
-0.38 
-0.80 
“1,01 
-1.16 
-1,29 
-1,36 
eee 
-1.46 
mio 


- 10.42 in. Hg. Gage 


ig. Gage 
- 2 -~-0.45 in. Hg. Gage 


- 2.79 in. Hg. Gage 





ee 


Pi ae, Ty" von 
Abs... Mailit volts Deg, Rk. 
E2605 oaeg 565 
eles / a NS: D625 6 
Como oO oeee SO oS 
28.74 oeeeU 993.7 
eSuoe 2.04 548, 2 
25.00 2.45 545 
Cog 29 Year, OT 942.3 
Zee Zasee 540.8 
ZO. 20 ey cdl 540.3 
28.20 Ze dk 540.3 
Barometer = 29.754 in. Hg. 
"Oe = 108° F, 
Room Temp. = 76° F, 


W 


0.0665 l1b./sec 


Iron-Constantan Thermocouple 


Reference 0° F, 


~ 34a 


TABLE II 
X = 2,5 INCHES 

Me P Mf T T Vv v/v 
___ "Hg.Abs. __ Deg. R, Deg.R. ft./sec. £t./in.sec 
6489 30.38 .468 568,5 544 535 594 
.441 29,70 ,.422 565.3 546 486 608.5 
.358 29.17 .342 560 546 393.5 561.5 
6262 28,80 ,254 555 546.5 292 A86 
.185 28.60 ,.177 549 545.5 203.2 406 
.128 28.50 .128 546 544 146.4 366 
,076 28.39 .076 543 541.5 86.9 289.5 
P04) ©225521 FSC4 otis Sat 45.6 228.2 
POlme }2en22 BO 54000 e400 a. ely ie 
O 28,26 0 540.3 540.3 O ind. 


1 
Inches 


On? 
0.8 
Oe 
O56 
0.5 
0.4 
0.3 
ORc 
Ovl 
O 


PrP 


P/Po 


itil. TMCORY 


DOTS e077 


1, 05/6 
1,0438 
BE Ciera 
lp Oe2ee 
1.0141 
Toes 

di, Cl Orate. 


1.0000 


TABLE III 


X = 2.5 INCHES 


P/Po 
Test 


1 Oe 
1,050 
Jey Cou 
15012 
PyOI) 
1,009 
HOOD 
1,001 
1.0005 
B2O000 


“OR/ 9, 


ding 052 


rr. 
Theorv 
1,052 

1.0422 
1.0823 
WaO2Z3S 
IG) 
10103 


1.00525 
1.00264 
1,00066 


1,0000 


*0/ m6 
Test 
Lg@52 
1,046 
i030 
O27 
1,016 
ede 
1,005 
eOOn 
1,000 
aO00 


~35- 


Pics aga 


TABLE IV 


DATA OBTAINED AT X = 8.1 INCHES 


r Po"He. Po"He. Pt"He. Pt"He, To! zo 
Inches Gage Abs. Gage ASs.. -Midli volts, Dee gen. 
0.9 repre Ke, 32 666 Oeo0 $0,725 eevee 061.5 
0.8 2049 Se eee On. 220480 2 «86 DOoeo 
0.7 rae O1.47 -0.50 29.435 Cele 556.8 
0.6 0.89 30.62 0.68 29,05 Celd 55447 
0.5 0.17 29090 -0.96 28.77 MAPae nt Doce! 
0.4 -0.45 e9eeG =lyelk “2Oeoc Geog 550 
0.5 =a0.97 28.76 1.45 28,28 Be oe 047 65 
Owe -1,.55 28.58 -1.598 28,15 244 544.7 
O.1 -1.61 28.12 -1.65 28,08 2640 543.3 
0 -1,69 28,04 1,69 28,04 263575 942.9 
PS ~ Ps = elo Lee Se Barometer = 29.75 in.He. 
P, = 10, d0%1ns He gmGare To5 = 107° F, 
Pz = -1.56 in. Hg. Gage Room Temp.= 76° F, 
P, = -1,05 in. Ug. Gage W = 0,0666 1b./sec, 
Pe = -0,.45 in. Hee Gage tron - Constantan Thermo- 
P. mS 2,ie IMs He, Gage couple 


Reference O° F, 


TABLE V 


X = 8.1 INCHES 
i 


tg MS P IM fe) V v/r 
IncheS sees oats. oo, Degak. DeeaR. fim/sec. ft./inusec 
ON 2-339 30.42 .@@@ 9563.5 “01 368.6 410 
Ogee (335 86200 .316 S61 9900 SOc 453 
On gols 2ZeyCO™asos 359 549 Org ¢ 488 
One wat0 2oml/ wee TO (586 548 a10.6 5 ey ae 
Qeo eos 285382 wees 904 048 COC. 926 
0.4 wD cegos pyeleo SO1.5 548 eu SS8ee0 
O72 <deD 2s ce 82 oS aD 546 155 ol? 
Oi (089 2enl5 Geo O45 5644.5 101.8 909 
Owl .O8 2es0s 3.01 943.3 04313 dae 114.2 


0 QO 28,04 0 942.5 542.5 0 qoieln 


PR/Pe 


P/P. 


Theory 


1.0849 
1,0665 
1.0505 


1,08695 


1,0255 
te OLOe 
1,009 
1.004 
od: 
1,000 





TABLE VI 


P/P 
Tes 


a 





enamel 


1,0849 
1,0724 
1.0556 
1.0403 
102 (es 
ono s 
1010 
1,004 
1,002 
1,000 





X = 8,1 INCHES 


TOR / a 


re 


ESS SS Fe 


1.0257 


iB 


= 


To/To¢ 


Theory 





1.0357 


1.08055 


1.0234 
Paola 


POL IIG 
1.00764 


1,0043 


DROOL y 
1.00048 


OOS 


PO7Ror 


Test 





1.0257 
1.0341 
1,0304 
150242 
ye eee 
BEF GW ole 
ec le 

1,0046 
LOC. 
1000 


Looe 
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TABLE VII 
DATA OBTAINED AT K = 14,1 INCHES 


r Pong, Poune, Pie, Pi te, ae To! 


Inches Gage _Abs. _Gage _Abs. Milli volts _Deg. R. 
Ono ino? ois 86860644 B40 argo 961 
OFS orl lgAS § OfOm 2oFee2 ogou 560.3 
On ges 31504 =<O922 29.44 Ar as 998,6 
Qa6 Omeo GOrel. =Ogoo 2o,11 Cee 557.9 
0,9 0.40 30.06 -0,86 28.80 2e76 55567 
O64 =0520 29.46 -1920 28.46 Cieahed 554 
Q@ee 0.61 26585 -1W45 28.e1 2,64 Sow.8 
Gre =1553 comes -lseo 28.01 oeOs ool 
O.1 -1,66827598 <sam0 27386 2.60 550.4 
0 -1.€3 27.83 -1.83 27.83 aoe 550 


Barometer = 22,66 in. Hg. 


Py = 10.33 in. He. Gage “% = 106°F. 


76° F, 


Po a Po = eS 2 TY, He. 


Pg = -1.56 in. Hg. Gage Room Temp. 
Paes in, He. Gage W eee .0GGo 1b./SeG. 
Pe = -0.45 in. Hg. Gage Iron-Constantan Thermocouple, 


e.’e in. Hg. Gage Reference Our, 
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Zt So 
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TABLE VIIL 


M 


. = 14.1 INCHES 


4 


904, 5 
904 
NOLO 
ool 
ool 
590 
500 
590 
oO 
000 


Vv 
Re UGC Rint Les secu n 


E02 5S 
SiOle ts 
SOG, 2 
SOoee 
ale 
245 
es 
bia, 
oes: 
O 


=AGe 


PAG 


te /e Oesece 


337.4 
383,90 
438 
004 
908 
ol 


tna. 


Hae. 


TABLE IX 
X = 14.1 IKCEES 





al ih 
ee P/p. es, se its, meses net ee 
Oso 10 eG2e es o2 12 0se2 16-4 1,024 1,024 
Orie: 1, O66 12676 i POlsege, 1se@als 
Or 7 M 150560212063 “ 1.0145 PaO ls2e 
ORS :: OS 72Ne40 A Ieerese WwOl73 
0.5 WL teoeoo 1.087 ul 1,0074 1.0145 
0.4 i 1701637026 é 1.00474 1.0091 
Os : WAGOD — 1i@i-6 é ie0eeo/. 1.00686 
One a OOS  le@O06 : WwAOOLTS lygOO02'7 
‘Oyeaa fmOO] 1.001 1,0004 O01 
0 : i COO ee : 1.008 gO 
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TABLE X 
DATA OBTAINED AT X = 2.5 INCHES 
SIX INCH DONG PIPE 


r Po P! uae ad 
Inches lies. Gage UilewGare. Millia volte. Deemmine 
Oe Geo O66 Baoe 564.7 
OF Rs: cere O~e del Ya Seas 
Oot C647 -0,.55 ar'o 056.4 
0,6 bir ee ye, ~1,13 2<.64 Sober 
0.5 OP ew, =1569 200 548,06 

0.4 ~0,90 ~2,20 eee e 544 
0.3 -1.84 So. Zane 540.3 
Cee -2,45 -2.83 RS, She) oan 
et “2.80 =o500 Cee roe roa ©. 
O -3.06 ae Os 2A0e Seek 
Py - Po = 1.21 in. Hg. 

Po = 10.68 in. Hg. Gage 

Pg = -]1.82 in. Hg. Gage 

Pa - -1,19 in. Hg. Gege 

Pe = -0.03 in. He. Gage 

fe = .(e an. He. Gace 
Barometer = 30.27 in. Hé. 
To, = 110° F, 


Iron - Constantan Thermocouple: Reference Og a8 


TABLE XI 
DATA OBTAINED AT X = 1.4 INCHES 


nenes dat Rio He, Gage Mi11i901ts pex® R, 
OG = dee? 0.83 Zao7 563.7 
0.8 2,49 -0462 ta 062.3 
0.7 4,10 -1,39 ean ie 554,77 
Ow ' aes — Lage 2.00 546,8 
0.5 -0.81 -2,2l oe 53086 
0.4 -1,65 ~2.47 2e0G 531.8 
Ohaes -2,20 ~2,62 tele: | 52a, / 
Cae =2.07 -2.80 WeDo Deis t 
O,1 -2.82 ae Lees Saad 
O -2.07 aan / ZiO Dees 
Py = Po = "2etO Tite Hee 


Pico ite We.) Gage 


ny 
' 


Po = -agel? >in. He. Gage 
Py = ~2,13 in. Hg. Gage 
Pe = -0.81 ing Hem Gage 
o.c1 in. Hee Gage 
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